Many natural and engineering systems are simultaneously subjected to a driving force and a stabilizing force. The interplay between the two forces, especially for highly nonlinear systems such as fluid flow, often results in surprising features. Here we reveal such features in three different types of Rayleigh-Bénard (RB) convection, i.e. buoyancy-driven flow with the fluid density being affected by a scalar field. In the three cases different stabilizing forces are considered, namely (i) horizontal confinement, (ii) rotation around a vertical axis, and (iii) a second stabilizing scalar field. Despite the very different nature of the stabilizing forces and the corresponding equations of motion, at moderate strength we counterintuitively but consistently observe an enhancement in the flux, even though the flow motion is weaker than the original RB flow. The flux enhancement occurs in an intermediate regime in which the stabilizing force is strong enough to alter the flow structures in the bulk to a more organised morphology, yet not too strong to severely suppress the flow motions. Near the optimal transport enhancements all three systems exhibit a transition from a state in which the thermal boundary layer (BL) is nested inside the momentum BL to the one with the thermal BL being thicker than the momentum BL.
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It is very common in nature and engineering settings that, in addition to a driving force, a system is also subjected to a stabilizing force. For a highly nonlinear system, the presence of the stabilizing force may induce surprising phenomena. For instance, Rayleigh-Bénard (RB) convection, which is in nature commonly encountered [1] [2] [3] [4] buoyancy driven unstably stratified flow, often experiences a stabilizing mechanism. The first example is RB convection under lateral geometrical confinement (CRB). Here the buoyancy driving interplays with the viscous force from sidewalls. The second example is RB convection under rotation (RRB) in which the Coriolis force is well-known to have a stabilizing effect that can be understood in terms of the Taylor-Proudman theorem [5] [6] [7] . Our third example is double diffusive convection (DDC) [8] , where the fluid density is determined by two scalars with different molecular diffusivities, such as temperature and salinity in seawater. Here the two scalars can have opposite stratification, leading to a stabilization force for the unstably stratified scalar field. All these three systems are of great importance in astrophysics [9] [10] [11] [12] [13] [14] , geophysics [15, 16] , oceanography [17] [18] [19] [20] and engineering applications [21] .
In these three systems, the stabilizing forces are completely different and correspondingly different physical parameters are required to quantify the degree of stabilization. In CRB, it is the reciprocal of the width-to-height ratio 1/Γ that characterizes the relative strength of stabilizing [22] [23] [24] . In RRB, the stabilization is characterized by the ratio of Coriolis force to buoyancy which is the reciprocal Rossby number 1/Ro [25] [26] [27] [28] . In DDC, it is the ratio of the buoyancy force induced by temperature gradient to that by the salinity gradient, i.e. the density ratio Λ [29, 30] , that characterizes the relative strength of stabilization. Since the stabilizing mechanisms in the three systems are very different, one would expect that CRB, RRB and DDC will behave very differently when subjected to the respective stabilizing forces. In this Letter, however, we will show that the salient features in the three seemingly different systems are universal and can all be explained by coherent structure manipulation and boundary layer crossing and therefore can be understood in terms of a unifying framework.
Our analysis is based on datasets obtained from direct numerical simulations (DNS) of the three systems. For the simulations, the incompressible Navier-Stokes equation within the Oberbeck-Boussinesq approximations and the convection-diffusion equation(s) are solved for velocities and the scalar field(s), where the Coriolis force and the additional buoyancy gradient generated by a stable temperature gradient are added for RRB and DDC, respectively. The physical quantities are nondimensionalized by the cell height H, the global temperature/salinity difference ∆ T /∆ S and the free-fall velocity. The data are taken from our previous simulations reported in Refs. [31] [32] [33] for CRB and Refs. [30, 34, 35] for DDC, respectively. The RRB simulations were conducted by using the numerical solver described in Refs. [36] . For each system, three Rayleigh numbers are presented, which are Ra = 10 7 , 10 8 and 10 9 . For each fixed Ra, simulations were conducted for a wide range of 1/Γ, 1/Ro and Λ. The Prandtl number is P r = 4.38 in CRB, P r = 6.4 in RRB and the Lewis number in DDC is Le = 100. In RRB and DDC periodic boundary conditions are applied in the horizontal directions and the box size is set to be much larger than the horizontal width of typical flow structures.
In Fig. 1 we show the Nusselt number N u and Reynolds number Re versus the degree of stabilization in the three systems. In CRB and RRB, the heat transport is considered while in DDC the transport of the primary scalar, i.e. salinity, is considered instead. For the three systems, the Reynolds number is evaluated based on the root-meansquare velocity averaged over the whole domain and over time. As the strengths of stabilization increase, the global transport behaviour undergoes a transition from a typical RB regime to the regime dominated by the stabilizing force. However, earlier studies in CRB [22, 24] , RRB [26, 27] and DDC [30, 35] separately revealed an intermediate regime with enhancement in scalar transport, and in CRB and DDC even the decoupling of scalar and mass transport was observed. Figures 1(a,b,c) show the normalized N u against 1/Γ for CRB, 1/Ro for RRB, and Λ for DDC, respectively. It is clearly seen that moderate stabilization for all systems can enhance the global heat or salinity transport. Given that the flow becomes weaker as shown by the reduction of Re in Figs. 1(d,e,f), the enhancement is non-trivial and counterintuitive. By comparing the three systems side by side, we can conclude that the leading effect of stabilization is similar: Under moderate strength of stabilization, N u first increases with increasing stabilizing parameters; however, excessive stabilization will eventually lead to the sharp decline in N u. We note that each of the three cases might be different in some details. For example, there is a pronounced optimal point in CRB and RRB at which N u attains a maximum value but the optimal state in DDC is achieved over a range of density ratio Λ instead of at a single point. Nonetheless, from the similarity recognized here we expect that there might be some unifying mechanisms for the systems under distinct forms of stabilizing forces and a more fundamental understanding on this class of stabilized turbulent flows might emerge.
In this paper we will work out this universality. In Fig. 2 we compare the flow morphologies at the middle vertical plane (in CRB the midway along the confinement direction) with weak and moderate stabilization for the three systems (Ra = 1 × 10 8 , salinity-Ra number for DDC). First, the thermal (or salinity) structures are shown in figure 2 (a,b,c) at 1/Γ = 2, 1/Ro = 1 and Λ = 0.01 which correspond to the state with moderate scalar transport enhancement and thus the effects of confinement, rotation, and temperature stabilization may be considered to be weak in the respective systems. As seen from 2 (a,b), for CRB and RRB large portions of heat are carried by the mushroomlike plumes which are detaching from the top and bottom boundary layers. When the thermal plumes propagate vertically, their heat content diffuses to the turbulent bulk progressively and their coherency is lost when reaching the opposite boundary layers. In DDC, the salinity structures appear to be more slender than the thermal structures in CRB and RRB because of the large salinity Prandtl number. It is clear from the above observation that under very weak stabilization forces the morphologies of the thermal and salinity structures are similar to that in classical Rayleigh-Bénard flow. In contrast to the weakly stabilized cases, the flow morphologies can change considerably under stronger stabilization. Figures 2 (d,e,f) show the morphologies at 1/Γ = 10, 1/Ro = 7 and Λ = 4 which are cases with maximum Nusselt number in the three systems. As the bulk becomes less turbulent by the respective stabilizing forces, highly coherent structures that extend over the entire height of the cell are formed. We remark that the coherent structures in CRB are still wavy at the optimal state. However, under even stronger confinement the system enters into the so-called severely confined regime, with finger-like, long-lived plume columns [37] similar to those observed in RRB and DDC. By examining the plume coverage we show below that this formation of highly coherent thermal/salinity plumes is crucial to the enhanced scalar transport, since more coherent structures can better preserve their heat/salt content against thermal/molecular diffusion when traversing to the opposite boundary layer. Figures 3 (a,b,c) show the portion of area covered by the cold/salty fluid A pl /A at the edge of the bottom thermal/salinity boundary layer. Indeed, moderate strength of stabilization can lead to larger portions of cold/salty plumes covering the bottom plate as compared to the weakly stabilized cases. It also shows that a too strong stabilization can eventually cause the rapid drop in plume coverage, which coincides with the decline of the global heat/salinity transport.
We have thus revealed that a hallmark of the stabilizing-destabilizing (S-D) turbulent flow is the formation of highly coherent structures. These structures can extend over the height of the cell. In all three systems, the plumes grow from the boundary layer regions that carry the high temperature/salinity anomaly. So we now turn to the effects of the stabilizing mechanism on the boundary layer behaviors. Figures 3 (d,e,f) show the ratio (λ T /λ p or λ S /λ p ) of the thermal/salinity boundary layer thickness over the momentum boundary layer thickness, where the thermal (or salinity) BL thickness λ T (or λ S ) is defined by the first peak of the temperature (or salinity) standard deviation profile from the bottom and the momentum BL λ p is defined by the position of the first peak of (
profile, i.e. the location with maximum stress. The figures show that the boundary layer thickness ratios increase with the increase of stabilization forces and eventually the momentum boundary layer becomes thinner than the thermal (or salinity) boundary layer. Note that the momentum boundary layer defined by the stress is different from the traditional definition using the first peak of horizontal velocity root-mean-square because the maximum horizontal velocity does not necessarily lead to the maximum stress (see Supplementary Materials for the details). We have found that the boundary layer thickness defined by the stresses is more relevant to the mechanism involved here than the traditional definition. Furthermore, we plot the plume coverage versus the ratio of boundary layer thickness λ T /λ p or λ S /λ p in figures 3 (g,h,i) . It is clear that the plume coverage reaches maximum (corresponding to maximum transport enhancement) when the thickness ratio becomes larger than a certain value of order unity and then declines sharply afterwards. This suggests that the necessary condition for the global transport to keep increasing is that the momentum boundary layer not becoming too thin comparing to the thermal/salinity BL; otherwise the hot/fresh fluid cannot be well-accumulated or well-organized before being ejected at the edge of momentum boundary layer, and further suppression on the strength of bulk flow leads to the sharp decline in scalar transport efficiency. This strong correlation between plume coverage and boundary crossing shared by all three systems is another salient feature of S-D flow. In summary, we have investigated RB flow with a stabilization force using three examples, i.e. the viscous, Corioslis, and negative buoyancy forces. For all three flows we observed significant transport enhancement for moderate values of the stabilizing force. Despite the fact that the nature of the three stabilizing forces are very different, our analysis shows that these forces can similarly influence the coherent structures and the boundary layers. Our study therefore reveals a universal mechanism underpinning scalar transport enhancement in the three types of stabilizing-destabilizing (S-D) flows. For an appropriate strength of the stabilizing force, the flow structures become more coherent with the vertical motions severely suppressed, resulting in a higher efficiency of scalar transport. We stress that this class of flow might be generalized to other situations involving different stabilizing forces, such as the Lorentz force in convection with conducting fluid under vertical magnetic field. Indeed, the role of Lorentz force in stabilizing turbulent convection is known [7, 38] leading to a larger critical Rayleigh number with stronger external magnetic field. The ability to understand similar phenomena occurring in different systems under a unified framework has been a hallmark of physics research. The present study of stabilizing-destabilizing flows provide one such example and may therefore inspire work on other systems. 
I. SUPPLEMENTARY MATERIALS
In this Supplementary Materials, we discuss how to evaluate the coverage of thermal/salinity plumes and the thickness of momentum boundary layer. In addition, we provide the numerical details and results of all simulation cases in table I for CRB, table II for RRB and table III for DDC. We have examined the portion of area covered by the cold/salty plumes at the edge of the bottom thermal/salinity boundary layer. To estimate the coverage, we first extract the cold/salty plumes by the fact that they carry high temperature/salinity anomaly. From a single snapshot, we calculate the area satisfying −(T − T xy ) ≥ cT rms (or S − S xy ≥ cS rms for DDC). The rms value of the non-stabilized counterpart (1/Γ = 1, 1/Ro = 0 or Λ = 0) is used for the same Ra instead of their individual rms, such that the threshold is the same for the series of data with the same Ra. The empirical parameter c is chosen to be 0.5, and the subscript xy denotes averaging over the horizontal slice. We have tried a few values of c and found that the qualitative feature of the result is not sensitive to the value of c. We calculate the coverage for successive snapshots separated by several free-fall time intervals, and the mean coverage can be estimated by their ensemble average. Figs. S1 (a,b,c) for CRB, RRB and DDC, respectively. The quantity is the square of the normal gradient of velocity summing over all components, which measures the overall magnitude of the normal stress. From the figures, each stress profile shows a well-defined peak at the location very close to the bottom plate which we consider to be the location with strongest plume merging and convolution take place. We define the momentum boundary layer thickness by the position of this peak from the stress profile. To better estimate this location, we first select the three nearby points around this peak and then adopt a quadratic fitting. We also compare the profile of the stress and the rms of the horizontal velocity in Figs. S2  (a,b) . The figure shows that the peak location of the maximum stress is different from that of the maximum rms of horizontal velocity. As the quantity (
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2 measures the strength of upward fluid suction of the hot/fresh fluid near the bottom plate, which is directly related to heat/salt transfer, we use the peak position of this quantity as the momentum boundary layer in the present paper. Columns from left to right: the Rayleigh number Ra, the reciprocal of the width-to-height ratio 1/Γ, the Nusselt number N u, the Reynolds number Re, the thickness of temperature and momentum boundary layers λT and λp, the plume coverage A pl /A and the grid resolutions along x, y and z directions. Columns from left to right: the Rayleigh number Ra, the reciprocal Rossby number 1/Ro, the aspect-ratio of the computational domain Γ, the Nusselt number N u, the Reynolds number Re, the thickness of temperature and momentum boundary layers λT and λp, the plume coverage A pl /A and the base grid resolutions and refinement factors along x and z directions for the temperature field. Note that the resolutions in y direction is exactly the same as those in x direction. All simulations are at P rT = 7 and P rS = 700 with periodic boundary condition. Columns from left to right: the salinity Rayleigh number RaS, the density ratio Λ, the aspect-ratio of the computational domain Γ, the salinity Nusselt number N uS, the Reynolds number Re, the thickness of salinity and momentum boundary layers λS and λp, the plume coverage A pl /A and the grid resolutions and refinement factors along x and z directions for the scalar fields. Note that the resolutions in y direction is exactly the same as those in x direction.
